, the workshop was convened to address specific issues that could influence the overall basis for policy-setting in reproductive toxicity risk assessment.
The workshop was organized into six workgroups, each of which was given a specific area to address. Two workgroups, one in teratology and one in male and female reproductive toxicology, considered the animal and human endpoints which are useful for human reproductive risk assessment; e.g., the comparability of endpoints across species, the relationship of various endpoints to one another, the significance of transient effects, the relationship between maternal and fetal toxicity, the sensitivity of endpoints, and the endpoints which can be monitored in human epidemiology studies. Two other workgroups, again one in teratology and one in male and female reproductive toxicology, discussed the information available on mechanisms of action and its use in the interpretation of experimental data and risk assessment; e.g., the use of mechanistic data to help explain interspecies variation in response and to allow for development of more appropriate models for extrapolation of animal data to humans, the information on gene/toxicant interaction that might be useful for predicting risk, and the early indicators of toxicant effect that might be used to predict adverse outcomes. A fifth workgroup addressed the evidence that can be gained from pharmacokinetic studies in estimating potential reproductive and developmental risk; e.g., the process by which pharmacokinetic data can assist in choosing the appropriate species for testing and estimating risk, in selecting appropriate dosing regimens, in defining the target for exposure, in predicting thresholds, and in relating exposure to critical or sensitive times in development or in the reproductive cycles. The sixth workgroup was asked to address the procedures available for assessing risk from available human and animal data including: qualitative evaluation of study design and data, e.g., internal consistency of data, evidence of a dose-response relationship, and reproducibility of effects in multiple species; and quantitative evaluation of data, e.g., statistical procedures and mathematical modeling for low dose extrapolation versus the use of safety factors. The participants in each of the workgroups were selected with the aim of achieving a balanced discussion among representatives from academia, industry, and government.
The workshop provided a valuable forum for the expression of diverse scientific opinions and each workgroup provided a thoughtful evaluation of the difficult issues they were asked to address. The panel chairpersons were asked to draft a document summarizing their deliberations which was then reviewed by members of the workgroup following the meeting. With the disbanding of the IRLG, there were a number of delays in finalizing the reports, but since all contained valuable insights and information which remain state-of-the-art, the Commissioner of the Food and Drug Administration decided to pursue the publication of the reports under the auspices of the FDA. The reports here represent updated versions of the original reports. They are not meant to be all-encompassing or to be a thorough review of the literature, but rather to state the consensus of opinion for each workgroup on the specific issues they were asked to address concerning use and interpretation of data for risk assessment.
Several other workshops and symposia have appeared since the IRLG workshop and may be consulted for more detailed information on methods and testing procedures (2) (3) (4) . Recently, the FDA has completed a report detailing the requirements and recommendations each FDA Center has for studies to produce data in reproductive and developmental toxicology. In addition, the U.S. Environmental Protection Agency (EPA) has published proposed guidelines for risk assessment for developmental toxicity (4) and plans the development of guidelines for male and female reproductive toxicity in 1986 . Another interagency group, the Interagency Risk Management Council (IRMC), is currently working to develop guidelines that can be used by all regulatory agencies for risk assessment in reproductive and developmental toxicity. The reports of the IRLG workgroups were very useful in the development of the EPA guidelines, and we hope they will continue to assist regulatory agencies in developing risk assessment policies as well as point to areas lacking in adequate knowledge so that research efforts can be developed to address these needs.
We would like to acknowledge the sponsorship of the Interagency Regulatory Liaison Group and the Food and Drug Administration which was the lead agency for this effort. We are indebted to the chairpersons of the workgroups for their success in focusing the discussions and developing the reports. All of the participants are
Introduction
In addressing questions posed under the heading "teratology," it is essential to identify direct effects of a test agent on the conceptus from indirect effects on the pregnant female. That is, to distinguish clearly the adverse effects on the products of conception from effects on specific adult target organs either directly or indirectly necessary for reproduction. This latter aspect is covered by the workgroup on Reproductive Endpoints and will not be discussed further here. Furthermore, before one can clearly discuss adverse effects on the conceptus, it is important to place the necessary terminology into an understandable context consistent with contemporary understandings. Both semantic and regulatory confusion exists regarding the terms, "teratogenicity" and "teratogen." Their meanings have shifted in some quarters in recent years, and the range of meanings from the strictest to broadest interpretations is now confusing to the point of use being counterproductive to understanding. In view of this, it was concluded that endpoints of toxicity applicable to the conceptus would best be referred to under the general term "developmental toxicity," which includes, as cone of its parts, teratogenicity by its strictest definition; i.e., the production of grossly abnormal offspring in a specific experiment.
However, any consistent dose-related adverse effect on any aspect of development would be worthy of consideration provided it occurred above the threshold of effect and background incidence of such effects in comparable control animals. The principal manifestations of disrupted developmental biology are: death of the conceptus, gross structural malformations, functional impairment, and altered growth and/or developmental patterns. These are not necessarily listed in a hierarchical order but, as far as can be determined, administration of a material at dosages capable of increasing the incidence of frank malformations usually will provoke other adverse effects as well. These effects can include any or all components of a spectrum of effects, i.e., fetal death, alteration in general growth pattern, increased incidences of minor alterations and developmental variations which may either be permnanent or transient in nature.
Adverse effects on a developing system do not necessarily occur as a strict continuum of responses in the sense that one type leads to the next or that one is invariably produced at a lower dose than another, but types of response can sometimes be viewed as a spectrum of effects. There are examples where breaks in the continuity ofthe spectrum have been observed, e.g., increased incidence of fetal death without an increase in the number of malformations (6) . But, the possibility that closer examination would reveal such continuity, e.g., malformation preceding death (7) , cannot be excluded in routine safety evaluations. Experimental studies can be designed to resolve questions such as this, but they cannot be considered essential for the detection of developmental hazards or estimation of risk because both in utero death and malformation can be valid indicators of developmental toxicity. A major factor in evaluating the relevancy of any developmental toxicity endpoint assay is the proximity ofthe dose causing effects in the conceptus to that dose causing maternal toxicity. This issue is addressed in great detail later in this report.
While it may be assumed that most test agents will not increase the incidence of malformations without also provoking other changes, the reverse argument may not apply. Indeed, growth retardation, as indicated by retarded weight and/or ossification, or increased incidences of minor morphological variations often occur without a corresponding increase in malformations. This is more common among materials primarily toxic to the dam than it is for agents with the conceptus as their primary target, i.e., substances which cause developmental toxicity at a small fraction of the dose toxic to an adult. Similarly, observation of a reduced degree of skeletal ossification (evidenced by alizarin staining) is usually interpreted as being related to general growth retardation, but each instance requires careful examination and cautious interpretation.
Comparison of Endpoints in Humans and Animals
The developmental toxicity endpoints encountered in experimental animals do not and should not be expected necessarily to mimic those observed in humans exposed to the same toxicant. Similarly, the specific agent-related endpoints in humans are not always reproduced in experimental animals (8) . However, adverse developmental effects have been detected in one or more species of laboratory animals as a result of exposure to essentially all chemicals or physical factors known to be developmental toxicants in humans. The absence of absolute unformity of response is not surprising when one considers the many critical differences which exist between the conditions of human exposure and those for animal models. For example, differences in dosage, placentation, metabolism, pharmacokinetics, critical periods of development, duration of gestation, etc. (9) can be expected to affect expression of developmental toxicity. Nevertheless, the production of adverse developmental defects in animal models lends support to the current view that such findings in experimental animals identify most chemicals that are potentially hazardous to human development (10, 11) . Since so many test agents manifest developmental toxic signs at, or very near to, the maternal maximum tolerated dose (MTD), one expects to encounter more effects in experimental animals than in man, where exposures tend to be less and where epidemiologic endpoint assays of toxicity are more difficult to ascertain and specifically relate to an agent.
Levels of Concern Regarding Transient Effects
In routine tests for developmental toxicity, alterations of questionable biologic importance such as developmental delay are sometimes observed. In considering the significance of these or any other possible endpoints of developmental toxicity, the experimental data should be carefully examined for evidence of maternal toxicity. For example, a transient delay in fetal ossification or patterns thereof, produced only in fetuses of dams who are themselves manifestly affected by the treatment, are of questionable significance. In marked contrast, a permanent alteration in fetal development at some small fraction of the exposure needed to produce overt maternal toxicity would be of marked significance. To evaluate accurately the significance of some findings in relation to risk assessment, it may be necessary in some instances to demonstrate that a developmental delay is truly transient, and that the repair and innate self-regulation processes of the conceptus have not been exceeded sufficiently to interfere with normal function. An important area of future basic research would be determination of whether the offspring are more vulnerable to a second insult (by the same or different agents) during the period of a transient effect.
Relationship between Adult and Developmental Toxicity A major goal of testing for developmental toxicity is to determine whether a test substance is a greater hazard to the conceptus than it is to the pregnant female or adult male. As a general rule, an agent that causes detrimental effects in the conceptus at a dose level that also adversely affects the pregnant animal is considered to be of less concern and is a lower priority for detailed safety evaluation than an agent that detrimentally affects the conceptus at a dose level that is not harmful to the pregnant animal (12, 13) . There are notable exceptions, however, and in the human, special consideration should be given to agents considered acceptable by the mother (14,15) (e.g., smoking, alcohol consumption, life-saving drugs, employment in a high-exposure environment). Even though adverse effects are produced in both the adult and the conceptus at the same general dosage, the adult may recover from the toxic exposure, but the embryo may be irreparably altered.
In evaluating the degree of risk to the human conceptus, one must carefully consider a number of differences that exist among animal species and between animals and man. These include genetics, metabolism, anatomy, physiology and other so-called "inherent" interspecies differences in development, or the anatomy and physiology of the placenta between experimental animals and man (16) . These inherent factors can influence the outcomes of developmental toxicity testing. They need to be identified and their influence on test results should be clarified both for general influence and for modifying effects on the results produced by individual substances.
Interpretation of an Increased Incidence of Spontaneously Occurring Defects and Minor Variations
It is recognized that in all animal species there is a detectable incidence of spontaneously occurring defects (17) . Exposure-or dose-related increases in such defects in test animals are considered as manifestations of developmental toxicity, and are evaluated as being due to the test agent. Such increases are, for purposes of safety evaluation, as relevant as are dose-related increases in any of the other four classes of developmental toxicity endpoints.
Increased incidences of developmental variations (e.g., skeletal), with or without associated frank gross anatomical malformations, also may be present; they are interpreted to be indicators of developmental toxicity (18, 19) when elicited in a dose-related manner at incidences significantly above comparable controls. If they are produced by exposures markedly below those inducing adult toxicity, the test substance should be considered as a potential hazard to the conceptus. However, some variation may represent temporary retardation of growth, development or degree of ossification, and the effect may be readily reversible with continued maturation (20) . Such findings may merit less concern than would those of a more lasting nature.
Postnatal Assay of Developmental Toxicity Endpoints
Tests for developmental toxicity should include postnatal endpoints that may be altered prenatally or during early postnatal development. The assessment of these endpoints can be incorporated into reproduction and/or developmental toxicity studies (21) . The endpoints selected for evaluation will vary depending upon the nature of the test agent being tested, its use, and the amount of expected or actual human exposure. Reliable endpoints include survival, growth rate to maturity, timing of selected developmental landmarks, feed consumption, efficiency offood utilization, and reproductive capability (22) . Histomorphologic, hematologic, and clinical chemistry data may also be useful in some instances (23) . As they become validated, additional endpoints of developmental toxicity may include measurements of neurobehavioral status, immunologic, respiratory or gastrointestinal function, or developmental enzyme patterns (21) . Studies of the postnatal animal throughout its lifespan should be reserved for special products and/or problems, since they seldom yield information other than data relevant to evaluations of chronic toxicity, lifespan, or incidence of carcinogenicity.
Data Evaluation and Interpretation
It is appropriate to group responses into some overall indicator of developmental toxicity, or to consider the incidence of "normal" offspring. Grouping of data from various types of endpoints has been done by a few investigators (24) , and the interpretation of data may differ depending on the way in which data are grouped (25) . The most appropriate method for evaluating data from experimental studies is yet to be determined, and this problem should be addressed by further study to aid the regulator in making appropriate assessments of risk for human development.
Epidemiologic Endpoints of Developmental Toxicity
Developmental toxicity endpoints have been monitored inadequately by epidemiologic studies. To date, structured or formalized epidemiologic monitoring has not been the initial source of information revealing a developmental toxicity endpoint due to a specific agent, although recent expansion of epidemiologic studies of birth defects is increasing the probability that they will be able to do so in the future. Though actual cause and effect relationships sometimes may be difficult to establish, developmental toxicity endpoints in humans related to specific agents have been identified primarily by case reports. However, because the value of case reports in identifying human developmental toxicants has not been fully appreciated, case reporting has not been fully utilized. Identification of an endpoint depends on the uniqueness of the exposure and the uniqueness of the event, and association of exposures with events which are not unique or unusual is much more difficult. Observation of only a few unique events may be sufficient to establish an association (26) , but the study of cohorts of exposure can only identify marked developmental hazards such as thalidomide.
In summary, new levels of understanding of the meanings and possible utility of developmental toxicity safety evaluations are emerging. They are predicated on classic principles of developmental biology and have evolved from concepts formulated by the pioneers in experimental teratogenesis. Precision of terminology regarding the endpoint manifestations of altered development and a degree of concensus regarding its application constitute a major step in data interpretation. A pragmatic perspective on the concept that most anything can injure development if the dose or exposure level is high enough is achieved when developmental toxicity is related to adult toxicity. The determination of whether the conceptus is the "target" of a specific test agent or is only at risk secondary to, or concomitant with, adverse effects on the mother is a useful means for initial identification of developmental hazards (27) . This allows a means for more accurately assessing risk. In addition, cross-species extrapolation can be made with even greater confidence when interspecies differences and/or similarities of pharmacokinetics are examined both for in utero and for postnatal developmental effects.
Workgroup on Mechanisms of Teratogenicity*
Introduction
The mechanism of action of a teratogen, in the strictest sense, is the fundamental physical or chemical process which initiates a sequence of perturbed developmental events leading to an observable toxic response. In a broader sense, mechanisms of action have been defined at various levels: biochemical (molecular or subcellular), cellular, tissue, the embryo-placental unit, and the pregnant dam. In the determination of the components of an observed response, discrete or multiple mechanisms of action should be considered along with various levels of repair of regulation. Teratogenesis is a complex, poorly understood process, potentially involving perturbations of maternal-fetal, tissue-tissue, cell-cell, nuclear-cytoplasmic, and molecular interactions. Conseqeuntly, the mechanisms by which most known teratogenic agents act during embryonic or fetal development are only beginning to be defined. Hence, it may be tenuous to use such incomplete information as the basis for risk assessment of suspected hazardous agents given the complex nature of the information available at present.
Nevertheless, there are distinct advantages to be accrued from studies on mechanisms and these will even- 
Dose Response
The study of the effects of increasing dosages of teratogenic agents has led to an improved understanding of how increased dose influences possible embryotoxic outcomes and how these outcomes putatively relate to one another. The 
Species/Strain Differences
Species and strain differences in teratogenic response are the rule rather than the exception. Studies of mechanisms of teratogenic action in the broadest sense have helped us to understand that basic species differences can occur in the mother, the placenta, or in the embryo itself.
Mother. In the mother, veratrum alkaloids produce a syndrome of craniofacial defects when administered to sheep during early gestation. When they were administered to rats or rabbits during an equivalent gestational stage, these agents were totally ineffective. However, if gastric contents were made alkaline, these alkaloids induced a similar array of structural malformations in rabbits (34) . Chernoff (35) (36) demonstrated that aspirin is more teratogenic in rats than in monkeys. Following administration of equivalent dosages based on maternal weight, total maternal plasma levels of the major metabolite, salicylic acid, were the same in both species. However, the amount of salicylic acid in the embryo was much greater in the rat and, in either species, levels in the embryo compartment of salicylic acid were nearly identical to the level of unbound salicylic acid in maternal plasma. Thus, plasma binding in the mother was held responsible for the difference in species response to aspirin.
Placenta. Trypan blue is teratogenic in rodents which possess and utilize a yolk sac placenta during early organogenesis. The yolk sac provides histiotrophic nutrition during early rodent development, and trypan blue interferes with this process and is thought in this way to induce abnormal development (37) . Species without a yolk sac placenta are presumably insensitive to trypan blue, perhaps due to a lack of inhibition of nutrition from sources other than the yolk sac.
Embryo. Different strains of mice respond with different frequencies of cleft palate to glucocorticoids. The level of glucocorticoid receptors in palatal cells correlates with cleft palate frequency in most mouse strains (38, 39) .
Carbonic anhydrase inhibitors in most strains of rats and mice produce a unique limb malformation syndrome characterized by a postaxial reduction deformity of the digits (40) . For many reasons, the inhibition of carbonic anhydrase is thought to be responsible for this unusual malformation syndrome (41) . Monkeys are insensitive to the teratogenic effects of these agents. Measurement of carbonic anhydrase activity during the gestational stage of presumed sensitivity indicated that embryos of this species have little if any carbonic anhydrase and this factor could be the basis of species insensitivity to those drugs which are thought to act by inhibiting this enzyme (42 
Drug Interactions
When a combination of agents is applied to a pregnant animal, the results can be either protective, synergistic, or have no additional effect. An example of synergism reported in the study of Ritter et al. (43) is that treatment of pregnant dams with both an inhibitor of DNA synthesis and an inhibitor of RNA synthesis produced a greater incidence of developmental toxicity than either regimen alone. In contrast, treatment of pregnant dams with two different DNA synthesis inhibitors did not produce any additive or synergistic effect. Other examples of synergism include treatment of pregnant rabbits with compound 4880 and hydroxyurea (44) and treatment of pregnant rats with caffeine and acetazolamide (45) .
Examples of protection include the cotreatment of pregnant rats with exogenous pyrimidines (especially deoxycytidine) and hydroxyurea or cytosine arabinoside resulting in virtually complete protection (28, 46) . Others have used folic acid "rescue" to protect or activate the embryotoxic effect of methotrexate and other folate antagonists (47) . The antioxidant propyl gallate has been reported to ameliorate the teratogenic effects of hydroxyurea (48) .
Summary
Since no well-defined mechanism of teratogenic action of any agent is known at present, it is difficult to predict the risk entailed from exposure to a suspected developmentally toxic agent. However, chemicals which interfere with nucleic acid integrity have been studied well enough to allow one to make reasonable predictability of risk. For other classes of compounds, such as CNS depressants and vasoactive agents, one could reasonably predict their teratogenic potential on the basis of empirical (non-mechanistic) observations. Reliable risk assessment requires further studies on the mechanisms of action of agents at all levels (biochemical, cellular, tissue, embryo-placental unit and pregnant dam) before this factor can be used as a basis for realistic predictability.
The study of mechanisms is important in our understanding of the degree of concordance between test an- Understanding developmental sequences, their attendant timings, and the mechanism by which teratogens perturb the process, should permit both critical and safe periods to be identified which would allow more effective assessment of teratogenic risk.
Teratogenic responses to a compound may vary according to the route of exposure. An understanding of the mechanisms involved in activation, inactivation, and pharmacokinetics may allow the optimal delivery of a compound to populations which require treatment in pregnancy and thus minimize teratogenic risk.
The understanding of structure-activity relationships coupled with a better understanding of the compound's mode of action in the maternal and embryo/fetal organisms should allow for the development of pharmaceutical and other compounds which would pose a lower risk to human females during pregnancy.
Model systems should be devised to determine the causes of teratogen-induced malformations. Human populations which are at high risk for general teratogens and for specific teratogens to which they are exposed may be identified. Current Reproductive toxicity deals with the effects of toxicants on adult reproductive function and development of the offspring which may be produced by alteration of a wide range of processes in either the female or male. These processes include those associated with the primary and accessory sexual organs and with fertilization, as well as those which impact more indirectly on normal reproductive function; e.g., neuroendocrine control, general physiological and psychological health, and nutrition. Following fertilization, processes associated specifically with pregnancy are also vulnerable; e.g., implantation, placental formation and function, conceptal development, and parturition and lactation. The focus of this workgroup was on the entire reproductive process, although coverage of the developing embryo/ fetus was limited, since this was the purview of another workgroup. To detail each of the vulnerable processes and how they may be altered is beyond the scope of this discussion. Several references are available which have discussed these in greater detail (2) (3) (4) . Specific exam-ples have been included where they provide clarity both in this report and in that on mechanisms of reproductive toxicity.
Within each of the processes of normal reproductive function, the various events which may be altered and lead to a toxic response can represent a continuum, in the sense that various endpoints are integrally related to other biological processes that may be the specific target oftoxicity. For example, an agent may alter male reproductive function by affecting spermatogenesis directly in the testis or by affecting hormone production at the level of the pituitary/hypothalamus, or indirectly, by altering normal function of the sex accessory glands. In any case, the ultimate result is the lack of fertile sperm interacting with the oocyte, and consequently, reproductive failure. Therefore, it is important that these continuums are recognized in establishing and assessing reproductive endpoints in order to appreciate the complexity of a particular response and better understand their applicability in assessing risk.
Specific Endpoints
As there are a wide range of reproductive processes that may be altered following insult, there are a comparable number of endpoints which potentially can be used to evaluate toxicity. Ultimately, the most sensitive endpoints may reside in or be closely associated with the target of insult. Currently, however, risk assessment must rely on data from laboratory testing or from epidemiological studies, which for the most part assess only the final outcome of the reproductive process. The following outlines some of the endpoints currently in use or under development for reproductive toxicity screening
In the Male. Semen characteristics are parameters including sperm count, motility and morphology, and seminal volume. They are useful endpoints for characterization if techniques are standardized relative to abstinence time, collection and counting procedures, etc. Nevertheless, certain limitations of the parameters must be recognized, both biological and sociological. For example, the number of motile sperm is a sensitive indicator of human fertility. However, this may be a less sensitive indicator in laboratory animals, due to their tendency to produce sperm in considerable excess over that required for normal reproductive function. In addition, motility and morphology are generally subjective evaluations, and controlled techniques for uniform scoring are only beginning to be established. Human subjects may be reluctant to participate or be unwilling or unable to satisfy the requirements of the study design.
In vitro oocyte penetration using zona-free hamster ova and human sperm (49), appears to be a highly sensitive and specific assay for male fertility in the population tested. It is the only functional measure available for spern-egg interactions and may reflect subtle changes in the standard semen parameters by indicating reduced penetration of eggs. However, it is perhaps most meaningful in indicating subtle changes in sperm function (ability to fuse with and penetrate the ovum) in the absence of any change in the standard semen parameters. Additional validation of the technique is required. Technical expertise required for the test currently prohibits its widespread use.
Preliminary data indicate that there may be marker enzymes in the acrosome with applicability to fertility testing. These enzymes may be necessary for sperm penetration into ova. However, these tests are in the early developmental stage.
New tests using flow cytometry and fluorescent staining (F-body staining) of chromosomal changes (chromatin stability and nondisjunction) may provide information on genetic or chromosomal damage in sperm. These methods have not yet been validated as predictors of fertility or production of viable offspring.
Endocrine profile tests determine the blood levels of pituitary hormones which exert a control over testicular function, and of testosterone which conversely exerts a negative feedback on the pituitary. Thus, these tests may indicate the level of alteration in the pituitarytestis axis. Presently, however, they demonstrate changes in fertility only at extreme levels. Additional comparison and validation are required before they can significantly aid a testing program.
Cervical mucous penetration is a functional test primarily measuring sperm motility and the ability of spern to migrate through the cervix. The test is not complicated and can be done quickly. It does not indicate the fertilizing capacity of sperm, but focuses on sperm transport. The test is only slightly better than standard semen analysis in evaluating fertility.
In vivo fertility testing in laboratory animals includes endpoints which are analogous to those occurring in the human, and they can provide an important indication of reproductive toxicity. Nevertheless, species differences (e.g., excess sperm production in animals, noted above) limit data extrapolation to the human unless the test design and data analysis adjust for these differences. The use of fertility as an endpoint in human studies has been more retrospective and is limited by the low conception rate in the human. Moreover, the couple is a biological unit and therefore a defect or abnormality in the female may mask or hinder detection of a problem in the male. Thus, it often is difficult to identify the infertile partner unless either partner has a prior history of fertility.
Tests designed to evaluate the outcome of pregnancy focus on endpoints such as spontaneous abortion, birth weight, live/dead births, birth defects, and neonatal development and survival. Such tests provide an overall assessment of reproduction, including libido, fertility and pre-and post-natal development. In laboratory animals, the male contribution to a toxic response is not easily established, since the female contribution cannot be excluded entirely. It is also necessary to ensure that the entire male cycle is considered in the treatment period prior to cohabitation (usually 60 days; should be 80-90 days) and that a sufficient number ofmale animals be tested. Actually, the current study designs give emphasis to the female (11, 50) . In the human, data are often retrospective, and postnatal observations may not be apparent for a year or longer. These measures may be meaningful on a population basis but are not always apparent or valid in individual cases; separation of the male and female contribution to the reproductive dysfunction requires careful study design. A more detailed discussion of approaches in human studies can be found in the risk assessment report.
In the Female. Oocyte and follicular toxicity is a quantitative assay in which oocyte and follicular number are determined following agent exposure (51) . The experimental animals, usually mice, are sacrificed at intervals after exposure, and the ovaries are prepared and examined microscopically. It appears that the assay is more sensitive to exposure than standard fertility endpoints, since a considerable reduction in oocyte/follicular number must occur before fertility is actutely altered. However, this procedure is extremely timeconsuming and requires an advanced level of expertise both in technique and evaluation.
As in the male, endocrine profiles include the blood levels of pituitary and gonadal hormones which exert control over reproduction. Presently, there are both in vivo and in vitro approaches for measuring these hormones individually. However, direct correlations between alterations in a specific hormone level and fertility following agent exposure have not been established.
Other events important to overall reproduction (e.g., parturition and lactation) are also under hormonal control, and alterations in them could potentially be estimated by measuring blood levels of specific hormones. Nevertheless, the validity of this type of association has not been demonstrated. Endpoints which are derived from standard in vivo reproduction studies continue to be most accepted in assessing reproductive toxicity (11, 50) . For example, the fertility index represents matings which result in pregnancies and indicates the ability of the female to become pregnant. Viability and growth indices can be indicators of agent-induced alterations in lactation, postnatal nourishment or maternal care of the offspring. Developmental landmarks such as vaginal opening and onset of the estrous cycle can also indicate alterations in normal hormonal balance. As indicated above, these test can provide important information relative to male reproductive function.
Significance of Transient Effects
A number of factors, including drugs, fever, or stress, are known to cause transient effects on several of the reproductive parameters. But, an important concern relative to risk assessment is the significance of such transient effects. Transient changes (i.e., toxic manifestations of relatively short duration in which full functional recovery occurs after cessation of exposure) by definition may not have any major biological significance; however, long-term or additive effects of transient changes are possible. Transient effects observed in reproductive toxicity studies, e.g., temporary fluctuations in sperm characteristics, fertilizing capacity, or ovum production and transport, may represent one point on the dose-response curve; higher exposure levels may produce irreversible effects. Thus, such transient effects should be considered in the initial experimental design, data collection and analysis. In general, a defined approach to assessing the impact of transient events is not available. For the most part, we still must rely on good scientific judgment when estimating the potential health hazard of an agent whose primary toxic effects are transient.
Comparison of Endpoints in Humans and Animals
Currently, the paucity of information for both experimental animals and humans does not allow the correlation of reproductive effects between species. Therefore, any expected similarity of toxic responses will be based primarily on general assumptions regarding the similarity of biological processes. Certainly, many ofthe reproductive processes described in the laboratory animal appear to have correlates in the human. The basic processes of gamete development and transport, fertilization, and implantation are similar, as is overall neuroendocrine control. The need for additional comparative data is obvious. When exposures of humans to potentially toxic substances have occurred, efforts should be made to evaluate the effects by epidemiologic studies (see below and report on risk assessment). However, because human exposure data are limited, we still must rely primarily on animal studies. This points up the importance of developing animal models for the human situation. In the absence of specific data to the contrary, adverse effects in experimental animals should be presumed to indicate a potential risk to human reproduction.
Epidemiology
In order for epidemiological studies to be useful in reproductive risk assessment, it is necessary to obtain measurements ofboth exposure and health effects. Measurements of exposure should include dose (several doses if possible to establish a dose-response relationship), route of exposure, duration of exposure, time of exposure relative to conception, and health outcome of interest. In human epidemiological studies, such information may not be available, and estimates of dose may have to be determined from biological monitoring data, duration of employment, description of job duties, or work area.
Tools that have been useful in assessing reproductive endpoints in human epidemiological studies include use of the questionnaire to obtain information on reproduc-tive outcome and potential confounding factors, physical examination of the reproductive system of either parent or examination of the product of conception, laboratory measurement (such as sperm count), and histopathological examination of the reproductive system of either parent or the offspring.
Human epidemiological studies are subject to several limitations. As noted previously, precise exposure information is more difficult to obtain for humans than in animal studies. In addition, confounding factors cannot always be excluded or controlled, making interpretation difficult at best. Assessment of reproductive endpoints is also affected by the necessity of voluntary participation, privacy considerations, religious objections, reliability of reporting and incompleteness of medical records. Histopathological data (e.g., testicular biopsies or fetuses in various stages of development) are also difficult to obtain. In spite of these limitations, epidemiological studies are important in establishing a relationship between exposure and reproductive effects in humans. A more detailed coverage of this area is presented in the report on risk assessment.
Workgroup on Mechanisms of
Reproductive Toxicity*
Introduction
The mechanism of action of a reproductive toxicant can be defined as the molecular interaction by which that chemical perturbs an underlying reproductive or developmental process. Although exact mechanisms have not been precisely established for a variety of morphologic, biochemical, or functional lesions resulting in reproductive dysfunction, possible sites of action can be visualized. Table 1 lists the variety of biological processes that are susceptible to toxic insult. This is compounded by the number of male and female target systems that may be affected. Normal reproductive function is dependent on the neuroendocrine system for the maintenance and function of the gonads and accessory sex organs. The gonads and accessory sex organs, in turn, carry out major roles as producers ofgern cells, steroid hormones and an environment conducive to pro-*James Clark creation. It is beyond the scope of this discussion to detail each of these systems which have been reviewed well elsewhere (52) (53) (54) . Rather, the discussion will focus on several concepts which have been addressed through mechanistic studies.
Receptor Mechanisms
Many reproductive toxicants are likely to act in a fashion similar to endogenous reproductive hormones which initiate their action through a membrane or intracellular receptor. In such cases, pharmacokinetic parameters would determine the amount of agent which reaches a receptor to produce the toxicodynamic effect resulting in toxicity or some undesired physiologic response. Likewise, mechanistic studies at this level would provide: identification of the cellular target for the toxic agent at the molecular level; characterization of the ultimate form of the toxic agent studied; and elucidation of the agent-receptor interaction at the molecular level, including the short-and long-term conseqeunces of that interaction.
The best example of toxicants which appear to have this common mechanism are the estrogenic xenobiotics, such as DDT and kepone (55, 56 Estrogen receptors have been described in a variety of tissues, including the hypothalamus, pituitary, and ovary, and a common mechanism of cellular action has been proposed for each (57) . Therefore, an estrogenic insult during the perinatal or adult period may act at a number of biological targets. For example, an estrogenic compound could interact at the hypothalamic level to disrupt the mechanisms which control normal cyclic secretion of gonadotropins in adult life (58) .
The knowledge that a compound interacts with a specific receptor makes it very likely that a receptor-mediated event is linked to the toxic action. This One of the first alkylating agents used therapeutically, busulfan, is known to produce gonadal failure in humans and experimental animals (61) . Also, high-dose intermittent therapy for neoplastic disease with cyclophosphamide alone or in combination with other drugs destroys oocytes in an age-and dose-dependent manner. Other antitumor drugs also impair fertility and cause reproductive dysfunction in both the male and female (61) .
Male antispermatogenic effects have been associated with various alkylating agents, for example, 1,2-dibromo-3-chloropropane (62-64) and its metabolites epichlorohydrin and a-chlorohydrin (64), cyclophosphamide (65, 66) , and ethyl methanesulfonate (EMS) (67) . These compounds act directly on the genetic material by alkylating the DNA (68). In the case of EMS, a specific nucleotide (guanine) is alkylated, and the genetic message is permanently misread. This leads to incorrect DNA and RNA replication and the subsequent synthesis of inappropriate protein sequences. These deficiencies result in cytotoxicity to the spermatogenic cells. Other electrophilic chemicals may also act directly on the DNA of spermatogenic cells and lead to cytotoxicity or improper genetic messages by mutagenesis or clastogenesis. The ability to predict interspecies responses to alkylating agents is dependent upon the general distribution and metabolism of these compounds in the various biological systems.
Of particular interest is the response of the reproductive system to cyclophosphamide (69) . The mechanism of reproductive toxicity of cyclophosphamide results from metabolic activation of the parent compound and formation of reactive intermediates. Detoxification of reactive metabolites occurs through conjugation. Repair of resulting cellular damage after cyclophosphamide treatment requires replacement of damaged macromolecules and DNA repair.
An interesting difference in age-dependent sensitivity for gonadal toxicity from cyclophosphamide exists between males and females. Young females are more sensitive to oocyte destruction than older females. In males, however, the young (prepubescent) animal is more resistant to testicular toxicity than the older male. This difference in sensitivity represents differences in both reproductive and toxicological mechanisms. The rate of spermatogenesis in the prepubertal testis is very low, and since spermatogenesis is sensitive to cyclophosphamide, suppression of sperm cell division will provide some degree of protection against toxicity, consistent with the observed age-dependent differences in testicular toxicity. In the female, however, the most sensitive population appears to be the resting or small oocytes. As these are present throughout most of the life ofthe female in the same metabolic state, this cannot account for age-dependent differences in sensitivity. There is evidence, however, that the availability of pathways for detoxification of the reactive metabolite(s) of cyclophosphamide change with age, and that these changes parallel the observed changes in sensitivity. Therefore, the opposite age-dependent changes in ovarian and testicular sensitivity to cyclophosphamide can be explained on the basis of an understanding of both reproductive biology and toxicology. In the testis, repopulation of seminiferous tubules will occur if spermatogonia remain after cessation of cyclophosphamide toxicity. In the ovary, however, since oogonia are not present after birth, oocyte destruction is permanent and irreplaceable. Cyclophosphamide has also been demonstrated to impair meoisis in rat oocytes.
Solvents (70) . The testicular toxicity of ethylene glycol monomethyl ether is the result of metabolism of the parent compound to the active toxicant, methoxyacetic acid (71) . Other compounds in the class, such as ethylene glycol monobutyl ether and the propylene glycol alkyl ether series seem to be considerably less toxic to the reproductive system.
The structure-activity studies of such compounds are essential for safety assessment and for the elucidation of the mechanism of action. Unlike the alkylating agents, the glycol ethers seem to have little or no mutagenic activity. The mechanism of action seems to be an effect specifically on the late stage spermatocytes in the testis, leading to severe changes in testicular morphology, decreased sperm production, adverse effects on fertility, and very modest evidence of dominant lethality of these compounds (72) . Compounds like the glycol ethers are apparently metabolized to an active metabolite, but the present evidence does not support a genetic or a hormonal mechanism of action. It is important to follow up the original toxicity and metabolism studies to identify the cellular target.
Mechanism Studies and Risk Assessment
Although information on mechanisms would certainly be of value for interpretation of experimental data and risk assessment, from a practical point of view, a decision on human reproductive risk would most likely have to be made long before such information is available. It often takes years of research effort to come up with a possible mechanism of action-not only toxicological but even pharmacological-and there are many compounds in widespread use whose mechanism(s) of action have not been determined. Drugs, pesticides, herbicides, etc., usually enter the marketplace with some information as to their physiological effects from which one can obtain a starting point for studying their mechanisms of action and potential toxicity. However, chemicals are often not developed with living organisms as a target, thus limiting the amount of data available. Frequently, studies at the molecular or biochemical level have not been carried out. There is no question that knowledge of the in vivo effects of chemicals on reproduction is valuable. However, it is highly unrealistic at this time to insist that the mechanisms of toxicity be ascertained before marketing the chemical.
We do not fully understand all ofthe molecular events of the normal reproductive pathways. Thus, it can be expected that the study of toxic mechanisms, many of which may affect several pathways, will be difficult. The development of new assays will be required as well as an upgrading of the training and expertise in this area.
Given the present state ofthe sciences ofreproductive biology and toxicology, it is difficult to predict differential species susceptibility, even assuming knowledge of mechanism of action. However, in the long run, understanding mechanisms of action provides the greatest potential for prediction of reproductive hazards and risk assessment across species. Although mechanistic data may be helpful and should be considered as it becomes available, there are no general recommendations as to how such data should be used in hazard and risk analyses. Such recommendations may be possible in the future when an integration of pharmacokinetic and toxicodynamic parameters result in insights from which predictions can be made.
Workshop on the Role of Pharmacokinetics in Reproductive and Developmental Toxicological Research* Introduction Pharmacokinetics is the study of the absorption, distribution, metabolism, and excretion of a chemical agent and a description of these events in mathematical terms. The objective of pharmacokinetics is to define the concentration of the chemical and/or its metabolites in the various compartments at any given time during uptake, distribution, metabolism, and excretion. This information can be used to relate the concentration in critical tissues (i.e., adult reproductive organs, gametes, conceptus, and neonate) to the toxic event (pharmacodynamics) and to help in defining cause and effect ( Figure  2) The discussion of specific issues in the use of pharmacokinetics is limited here to its application to the pregnant female and developing conceptus. Several basic concepts that apply to the maternal-placentalconceptus unit, maternal-neonatal unit and to model animal systems are summarized in the following statements. Figure 3 may aid in its representation of the various compartments involved and their relationships. The first five concepts (a through e) are concerned with parameters that affect concentration of the unbound drug in the maternal-fetal-placental unit. The last three concepts (f through h) comment on dose-response relationships. (73) .
(e) It must be remembered that not all toxic effects on the conceptus are caused solely by a chemical and/ or its metabolites within the conceptus. Some effects can be mediated at sites external to the conceptus (for example, in the placenta or in the maternal organism). In such cases, measurement of the chemical or its metabolites in the conceptus would not provide relevant information for predicting risk to the conceptus (77, 78) .
(f) Pharmacokinetic data spanning the range of doses used in animal (and human) studies facilitate interpretation and use of dose-response curves generated by the toxicological data.
(g) Knowledge of pharmacokinetic parameters in two test species facilitates the selection of dosage regimens for the investigation of species susceptibility at equivalent exposure (36, 79, 80) .
(h) The pharmacokinetics of single dose and repeated dose exposure may be quite different.
Single-dose kinetics are more dependent on the structure of the placenta because diffusional rate constants are more important in limiting concentration of the chemical within the conceptus after single doses than after repeated doses. Nevertheless, as long as the parent compound is not actively transported and the transfer is pH-independent, the assumption that after the administration of a single dose the maximum concentration of unbound parent compound in fetal blood is no higher than the maximum concentration ofunbound parent compound in maternal blood is valid.
When repeated doses are administered to steady state, it is likely that the average concentration of the unbound parent compound in the blood of the conceptus is virtually independent of the rate of diffusion across the placenta if the compound is not metabolized by the conceptus and not excreted by fetal kidney. The average concentration of unbound parent compound in the blood of the conceptus will be less than its concentration in maternal blood if its metabolism occurs within the placenta or conceptus or it is excreted by fetal kidney. The magnitude of the decrease depends on the rate of metabolism and excretion relative to the diffusional rate across the placenta.
Use of Pharmacokinetic Studies in Choosing Test Animal Species
Pharmacokinetic data are not useful for selection of animal species for initial studies of either reproductive or developmental toxicity if the compound under investigation has not been previously tested for reproductive or developmental toxicity. If the compound is known to exhibit reproductive or developmental toxicity in any species, then pharmacokinetic studies are helpful in elucidating the mechanism of toxicity and establishing relevant parameters to be used in making inter-or intraspecies comparisons. For example, from differences in pharmacokinetic parameters between animal species, it is frequently possible to determine whether the toxicity is due to the parent compound or to a metabolite (81) (82) (83) .
If it can be established that the toxicity is determined solely by the parent compound, then qualitatively differing patterns of metabolism in different test species may be irrelevant; only the rates of elimination and/or clearance of the compound should be relevant. Pharmacokinetics can determine the dosage levels to be employed to maintain equivalent concentrations of the parent compound in the two species. With such an approach the relative sensitivity of the species to the toxicant can be assessed (36, 79, 80) . If the reproductive toxicity is due to a metabolite, pharmacokinetic data can be used to determine which species are likely to be susceptible based on the ability to form the toxic metabolite (84) .
If pharmacokinetic and toxicity data exist for one animal species and comparable pharmacokinetic data exist for a second species, then a qualitatively similar toxic response would be predicted for the second species, if the mechanism of action and target tissue susceptibility are the same in the two species.
Use of Pharmacokinetic Studies to Establish an Appropriate Dosing Regimen
If the effective dose is defined as the dose at which a toxic effect is manifested in the human conceptus, then pharmacokinetics can help establish a dosing regimen that would result in approximately the same concentration of the chemical in the test system as occurs in the human conceptus after a toxic dose. Owing to the probability that there are quantitative differences in incidence rates and severity of response between species, suitable animal models will usually be selected on the basis of dose-response curves for reproductive and developmental toxicity rather than pharmacokinetic parameters. Pharmacokinetic studies will then be useful only to deternine the relative sensitivities between species after a suitable animal model has been found using toxicity as an endpoint. Pharmacokinetics will also provide a basis for the comparison of various regimens and procedures, i.e., route of administration, vehicle and scheduling of doses.
Pharmacokinetics and Critical (Sensitive) Periods of Development
Each of the periods of development (preimplantation, organogenesis, and histogenesis) is critical for different aspects of maturation and is affected to different extents by substances which adversely affect development. Animal models are being used to identify the susceptible organ system(s) and gestational time(s) of vulnerability. The possibility exists, however, that any agent delivered to the susceptible site at the critical time in development will yield the same or a similar toxic response irrespective of the animal species or agent, if the mechanism is similar. This statement is predicated on the understanding that the most important determinants for teratogenic susceptibility appear to be the genotype of the organism which determines the kind and level of biochemical response available (80) , and the gestational stage of the embryo or fetus at the time of insult. There is some specificity of agent relative to the toxic response but there are almost always lesions in organ systems in addition to the "characteristic anomaly" (85) . Once the time of vulnerability has been defined, pharmacokinetics can be used to determine the concentration of the toxicant in the animal model at that time. In the human, pharmacokinetics can assist in quantitating the exposure of the conceptus in specific instances of toxicity. Pharmacokinetics can define the similarities and differences in exposure of the conceptus to a toxicant during critical periods of development in both test animals and humans.
Although studies are being carried out on the pharmacokinetics of drugs in human concepti and newborns (86) (87) (88) (89) (90) (91) Even if the initial biochemical and/or morphological event at the time of insult leading to the ultimate manifestation at term has not been established, pharmacokinetics is useful in evaluating dose-response curves; that is, the relationship of the incidence or severity of the toxic response to the dose administered to the maternal organism and the maternal and/or fetal concentration of the toxicant.
If the mechanism of the toxic event has been established in an animal model, pharmacokinetics would allow the selection of a dosing regimen and sampling intervals that would provide equivalent exposure in additional species. With this information, it should be possible to establish species differences in threshold concentrations and sensitivities. A finding of negligible species differences increases confidence in making extrapolations from animal to man.
Prediction of Thresholds
There are three kinds of thresholds: metabolic, statistical, and "real." The metabolic threshold can be defined as the concentration (dose) range at which there is a change in the pharmacokinetic parameters (95, 96) . The statistical threshold may be defined as the dose level below which no adverse effects have been detected within the confines of the experimental design. This is a pragmatic definition which may be dependent on sample size. The "real" threshold can be defined as a dose below which an adverse event would never occur. The "real" threshold cannot be determined in teratological or toxicological experiments at this time. When the molecular mechanism of the toxic event is understood, it may be possible to determine whether a "real" threshold exists and pharmacokinetics may be useful in estimating the threshold.
Pharmacokinetics can identify the existence of a metabolic threshold. In those cases where the metabolic threshold is related to a toxicologic event (i.e., above a given concentration of toxicant the metabolic profile changes and toxic effects occur in a test system), pharmacokinetics can help to predict the statistical threshold.
Future Experimentation
Several approaches are needed to better utilize pharmacokinetics in the interpretation of reproductive and developmental toxicity. These are suggested as an impetus for further research in this area.
* Studies to quantify changes in the pharmacokinetics of toxicants throughout gestation. These studies should be designed to describe changes during development in the mother, placenta or conceptus which affect the pharmacokinetics of a chemical (i.e., placental type, active transport, metabolism, blood flow, amniotic fluid disposition, etc.).
* Transplacental pharmacokinetic studies in animal models (e.g., pregnant ewe and monkey) which provide simultaneous, time-course information from fetal and maternal blood.
* Utilization of in vitro test systems (derived from the conceptus and placenta) to aid with interpretation of pharmacokinetic data and to relate toxicological events to the concentration of toxicant at the molecular target.
* Utilization of early indicators of chemical effects (pH changes, enzyme activities, heart rate, blood pressure, etc.) to correlate with pharmacokinetic parameters. Even though these early indicators may not necessarily be related to the toxic event, they will provide information concerning the chemical's pharmacodynamic proffle.. * Studies in animal models utilizing toxicants for which information is available in pregnant women. These studies can be used to test the validity of pharmacokinetic data gathered from animal models. * Correlation of pharmacokinetic parameters with teratological endpoints in a single animal. This initial step in prediction must be accomplished in order to identify the pertinent pharmacokinetic and teratological parameters within an animal so that more meaningful interspecies correlation may be attempted.
Summary
Pharmacokinetics, the application of kinetics to the disposition of chemicals in the body, is a quantification of the absorption, distribution, metabolism, and excretion of chemicals in the intact animal as a function of time. The goal of reproductive toxicological research is to provide a basis for selecting acceptable levels of human exposure to potential toxicants. In the absence of toxicological information, pharmacokinetic data are of limited help in assessing the safety of most chemicals. However, when used in conjunction with data on the toxicology and mechanism of action of chemicals includ-ing drugs, pharmacokinetic data can be a signficant asset in predicting potential risk to humans.
Pharmacokinetics can help in the design of definitive studies after preliminary data are collected. Better characterization of the dose-response curve, more accurate comparison of species sensitivity, accurate definition of the actual dose at the site of action, definition of the rate of transfer of chemicals into and out of the conceptus, and extrapolation between species and from one route of exposure to another can be done more reliably when pharmacokinetic data are available. In addition, those chemicals with saturable elimination kinetics can be identified through pharmacokinetic studies; many such agents with a metabolic threshold have a toxicological profile that correlates with the pharmacokinetic profile. Thus (8, 9, (97) (98) (99) (100) (101) (102) . This suggests that reproductive effects induced in animals may be predictive of reproductive effects in humans. The most substantial evidence for assessing human risk can be derived from human studies with adequate design and sufficient statistical power to detect an effect. However, adequate prevention of adverse effects on human reproduction will only be achieved through prudent use of experimental models.
This report is not intended for the purpose of setting strict criteria for evaluating scientific information which will be taken as evidence (proof) of human reproductive hazard in the absence of human epidemiologic data but rather to review those factors which need to be consid- ered in reproductive risk assessment for environmental agents. The greater the weight of evidence over a number of factors, the greater the likelihood of a human effect. These factors include but are not limited to: internal consistency of results, reproducibility of results in the same species as well as in the number of species adequately studied with positive results, demonstrated dose-response relationships and routes of exposure, similarities in molecular structure to other known reproductive health hazards, similarities in metabolism and kinetics in the test species to that of humans (when this is known), presence of reproductive effects in the absence of other overt parental toxicity. When human data are available, concordance between experimental studies and human data should also be considered when assessing the evidence, taking into consideration relative exposure levels, power of studies to detect a positive result, and type of endpoints measured.
Internal Consistency
Internal consistency refers to the need to distinguish biologically significant events from random statistical fluctuations and experimental error. This differs from external consistency, which refers to the need to compare the results among different experimental groups, strains, species, and other factors. In general, the more consistent the results internally, the more qualitative weight may be placed on evidence from the study. Random, statistically significant results are possible in studies due to multiple statistical tests, each employing a small level of significance (e.g., 0.05). For example, a single biological parameter such as a survival index has a probability between 0.15 and 0.46 of occurring at random as a statistically significant event in a three-generation reproduction study (102) . "When large numbers of biological parameters are compared in a multi-generation study, the probability of finding at least one statistical false positive is almost a certainty" (103) .
The cautious sorting of true effects from statistical artifacts requires expert judgment in lein with state of the art thinking in the field. Such judgment entails considerations of biological plausibility, statistical methodology used, a knowledge of historical controls, and evaluation of the conduct of the study.
Reproducibility of Results in the Same Strain/Species and in Other Strains and Species
Replication of results for a given strain lends considerable weight to a causal hypothesis of effect. When a reproductive effect is found in multiple studies for several species, the evidence is even stronger. A problem in interpretation occurs, however, when results of studies are disparate.
Qualitative evaluation of the degree to which two or more studies are similar with respect to design and analysis should be applied to every aspect of the protocols. As an example of the differences in results which can occur when only the timing of effect measurement is varied, Snow and Tam (104) found different effects on fetal growth among mice exposed to mitomycin-C on the same day of gestation, depending on whether sacrifice occurred at 7.5 days, 8.5 days, 10.5 days, 13.5 days, or at birth.
Interspecies and interstrain variations in susceptibility to potential teratogens are well-documented in the literature. Because the causes of interspecies variation may be due to one or more factors, a positive test in one species cannot be regarded as conclusive in determining a given degree of human risk. Such factors include physiological and biochemical differences in maternal pharmacokinetics, differences in placental transfer rates, differences in susceptibility to chemical interactions at molecular, tissue, and organ levels, differences in background incidence of reproductive effects, and differences in the gestational sequence of development. There is no evidence that any particular species or strain more consistently predicts human susceptibility to animal teratogens than any other species or strain (8, 97) . Hence, it is not possible to specify the number or nature of species or strains that are optimal for human risk assessment. To increase comparability of studies, inherent differences among strains and species should be accounted for to the extent possible by assuring adequate sample sizes for each study (105) . The possibility that a human effect could be indicated from animal tests should be further evaluated through considerations of relative exposure levels between the test animal and man, and through considerations of comparative metabolism and pharmacokinetics.
Dose-Response Relationships
Several potential types of dose-response relationships exist for reproductive effects, depending on the risk under investigation. For example, with teratogenesis, timing of dose as well as level of dose affect response levels (47) . As a consequence of the prenatal development of the ova, chronic low-dose exposure is of special potential concern for females. Little is known about dose-response relationships for agents which affect the postnatal development of sexual maturity, for example, for agents that could delay the onset of puberty. In view of the fundamental differences in mechanisms for different reproductive effects, differences in timing of exposure, the paucity of both theoretical quantitative models and experimental evidence, most doseresponse data should be interpreted on a case-by-case basis. Interpretation of a particular apparent dose-response curve must include the nature ofthe effects when considering extrapolation from one species to another; this is especially important when effects are known or suspected to vary across species.
Structure-Activity Relationships
The observation of reproductive effects associated with some chemical agents raises concern that structural analogs of these compounds may also be active. Notable examples that have been reported are the antifertility effects of various alkylating agents such as dialkylsulfates and epoxides. In contrast with mutagens, the structure-activity relationships for teratogens remains largely unexplored. Nevertheless, structure-activity considerations should be weighed when considering the risk of a particular chemical to human reproduction or development.
Overt Maternal Toxicity
In mammalian teratogenesis experiments, overt maternal toxicity may occur only at higher dose levels than those which may induce teratogenic effects, or maternal toxicity may occur at dose levels below fetotoxic levels. Three classes of agents can be distinguished based upon our present knowledge: embryo/fetotoxins which are active in the absence of maternal toxicity (e.g., thalidomide, diethylstilbestrol, ionizing radiation); embryo/ fetotoxins which elicit overt maternal toxicity (e.g., aminopterin, methylmercury, and polychlorinated biphenyl); and embryo/fetotoxins active at concentrations which induce maternal physiological changes or stresses (e.g., cigarette smoking, steroidal hormone, and alcohol consumption).
Since many agents do not alter embryo/fetal development without exerting some effect on the maternal support system, it is important to thoroughly evaluate the teratogenic potential of agents to which exposure may occur at or near maternally toxic levels.
Epidemiologic Considerations
Nonexperimental studies of human health effects are based on observations which attempt to relate exposures to health outcomes. Three major issues are involved, all of which must be considered in study design and/or analysis. These issues are: the definition and ascertainment of health outcomes of interest; the definition, identification, and quantification of exposures; and the application of appropriate statistical techniques to determine if an association between exposure and outcome occurs more often than would be expected by chance, and to determine the strength of that association. The following discussion relates to these issues, in the context of reproductive toxicity risk assessment.
There are several considerations in using epidemiologic methods for evaluating agents suspected of inducing adverse human reproductive and/or teratogenic outcomes. These considerations not only apply to the area of reproductive toxicity risk assessment but generally to the use of epidemiologic techniques.
Epidemiology relies on observations from available population groups. While it is often desirable to obtain data for reproductive and teratologic risk assessment from humans, factors in data collection, analysis, and study design often limit the inferences that may be drawn. The "exposed" or "at risk" groups may not be randomly selected and the investigator may have little control over the exposures of the study population, except in a clinical trial. Bias from potenial confounding factors and other sources should be minimized through the use of appropriate matching and/or statistical techniques. Unlike experimental investigations, epidemiologic observations are made on individuals exposed during their lives to a variety of hazards. It will not be possible, or plausible, to control for all factors except the one(s) of interest. It is the investigator's obligation to choose the best comparison group(s) possible and note those factors which could bias the outcome. Inappropriate comparison groups will limit the inferences that may be drawn from the analysis.
Objective methods of data collection should be employed in all investigations of reproductive and teratogenic effects. Measures of objectivity may be classified into two categories. The first, validity or accuracy, refers to the extent an observation reflects the actual or true situation. Sensitivity and specificity are two concepts which can be used to describe the validity of a test. The second measure of objectivity is variability or precision, and refers to the consistency or reproducibility of a given observation. It is highly desirable that sufficient data be obtained in a study to describe the objectivity of the methods used, particularly where new methods are being developed or new applications of old methods are being attempted.
Definition and Ascertainment of Outcomes. Several sources of data are used to determine the possibility of a reproductive or teratogenic risk. Data from case reports of reproductive or teratogenic effects have often indicated when a potential problem exists. This method relies on the clinician's ability to recognize an unusual occurrence of an event or the association of a health outcome with a particular exposure. Information of this type can generate hypotheses on the nature of reproductive hazards or teratogenic agents.
Vital statistics have the advantage of being routinely collected and readily available. These data are useful for evaluating changes over time. However, certain information may not be recorded, such as measures of infertility, or may not be available for the appropriate geographic area of interest. Certain routinely collected data may not be adequately recorded (e.g., stillbirths).
Data obtained from personal interviews or questionnaires may be subject to reporting bias, memory lapse, or the respondent's unwillingness to provide accurate information. Investigators should select well validated survey instruments and carefully select study and comparison groups to minimize potential problems.
Retrospectively conducted studies such as those using case-control designs are useful in evaluating rare outcomes. Since the events to be studied have already occurred, it is easier to insure that an adequate number of study and comparison subjects are included in the study. Retrospective designs are relatively inexpensive to conduct, but these studies do not prove the existence of a cause and effect relationship.
Prospective studies are not as useful in evaluating rare outcomes, since large numbers of individuals must be followed to insure an adequate number of diseased or exposed individuals in the analysis. Prospective studies are very costly because of the length of time and amount of resources needed to collect data on a large number of individuals. However, they may be used to demonstrate that a cause and effect relationship exists.
Identification of Exposure. Poor ascertainment of exposure among study and comparison groups may also limit the inferences from a study. An individual may not recall the amount or duration of exposure to a drug or chemical, or may not be able to specify what levels of a substance were present in the air or work environment. Confirmation of exposures should be attempted from sources other than the individual, such as hospital or company records, or by direct measurement of the work area.
Exposures in general have not been well estimated. Surrogate measures of exposure have included length of residence, length of employment in an exposed occupation, or national estimates of dietary intake, with little or no direct measurement of present exposures. Data on past exposures are rarely available. Timing of exposure in relation to outcome has not been well defined. Difficulties have frequently been encountered in the development of methods for estimation of and/or evaluation of effects of multiple exposure other than by stratification or matching for a few well-known confounders. Finally, the development of an increased utilization of clincial measures is encouraged when they are available and appropriate in the definition of cases or exposed groups.
It is recognized that it is difficult to identify suitable control/comparison/reference groups. Because of this difficulty, appropriate internal or local comparison groups are frequently not included in analytical studies. It should be stressed that every attempt should be made by investigators to identify and include comparison groups, and not to rely solely on the calculation of expected values from national population rates for comparison with observations in exposed groups.
Statistical Analysis. The data analysis should be appropriate for the endpoint under evaluation. A single positive result in a well-designed epidemiologic study could indicate a potential hazard. Confirmation of this result in other population groups, if possible, will strengthen the association of the suspected factor with the outcome. Moreover, the association should be bio-logically plausible. However, a negative or inconclusive study result does not demonstrate the absence of a hazard or the safety of an agent, unless the study was of sufficient statistical power and adequately designed to have been able to detect a difference had one existed. Often, a small number of individuals are exposed, exposures are poorly defined, or the number of observed outcomes is small, thus limiting the statistical ability or power of an investigation to detect a significant excess related to exposure.
Pregnancy outcomes are not independent events and should be adjusted within an analysis. Habitual aborters or parents with a known genetic defect may be excluded. Adjustments for parity and maternal age should be made by investigators in the data analysis or, if possible, in the study design. It is necessary to relate an exposure to an outcome in order to determine risk. Of primary importance are the selection of an appropriate endpoint or endpoints for study, increased precision in the definition and measurement of exposures, and the application of appropriate designs and analytical techniques in the determination of associations and the strength of those associations.
Epizootic Observations
Epizootic observations from animal populations accidently exposed to an agent that is suspected of inducing reproductive or teratogenic damage are not usually available in human risk assessment. These observations have the disadvantages of the human studies in that randomization of individuals to "risk" and "nonrisk" groups prior to exposure is not possible. None of the advantages of conventional controlled animal testing are present. Thus, these observations are of interest from an historical perspective as indicators of a potential hazard but yield little further information for human risk assessment.
Epidemiological Evaluation of Specific Endpoints
Teratogenesis. Teratogens share several characteristics. Teratogens usually produce characteristic patterns of abnormality rather than single specific defects. Past experience has demonstrated that different types of observational or descriptive investigations contribute in specific ways to our understanding of teratogenic hazards to the fetus.
Although case reports, surveillance activities, and descriptive studies can help to generate hypotheses of association between environmental factors and teratogenic outcomes, quantification of risk requires other study designs. Probably the most sensitive and expeditious approach to the confirmation and definition of teratogenic risk in humans is the case-control approach. However, problems of choice of appropriate controls often leave such investigations open to criticism, especially with regard to the specificity and validity of conclusions. Furthermore, direct reliable estimates of attributable risk are difficult without using the prospective cohort approach. Unfortunately, this latter method is a lengthy process which is relatively inflexible and sample-size (power) problems make it difficult to apply strictly for rare events such as birth defects.
Despite these problems, epidemiology has made a significant contribution to human teratogenic risk assessment in many cases by providing confirmatory data on proposed associations, by quantifying risk, and by helping to exclude other risk factors from concern. Nevertheless, new approaches are needed which emphasize biological relationships and which make more efficient use of small sets of human data.
One new approach involves careful clinical pattern analysis and statistical investigation of mechanisms and inter-relationships of outcome variables through a technique called path analysis (106) . Since the biological mechanisms underlying the development of clinical patterns of abnormality are presumably interrelated in specific definable ways, these relationships result in biological pathways and developmental hierarchies. Statistical analysis of birth defects on individuals and populations should take this into account and should help to confirm or revise these proposed interactions between outcome variables. This approach may solve many of the design and epidemiologic problems outlined above and may help to define priorities and needs for future human and animal research.
Spontaneous Abortion. Spontaneous abortion has been suggested as one of the most useful endpoints for the evaluation of reproductive risks (107) . An important aspect of abortion as an endpoint for study relates to the fact that it may be used to identify several different mechanisms leading to early reproductive wastage (108) . For One of the widely cited advantages of using spontaneous abortions for risk assessment is the frequency with which they occur (107) . Because oftheir frequency, the power of abortion surveillance or cohort studies to detect an effect of an environmental (nongenetic) factor in reproductive outcome is much greater than for other adverse pregnancy outcomes, such as congenital malformations (110, 111) .
Currently there are several data sets on spontaneous abortions that are being used for epidemiologic studies. These include the Columbia University Study (112) and the Kaiser Pernanente Birth Defects Study (113) . There are several aspects of spontaneous abortions that must be considered in evaluating their usefulness for studies of reproductive toxicity. One of these is the critical question of case ascertainment. Unlike congenital malformations, for example, spontaneous abortions may not be readily identified through existing data sources such as vital or hospital records. Hospital based studies can be carried out, such as those at Columbia University, but it is not usually the case that a representative series can be assembled. Case series will usually be assembled through questionnaire studies of reproductive outcome. This method optimally involves some method of validating outcomes.
Abortion surveillance programs offer an important opportunity to monitor the effects of environmental factors. It is important, however, that protocols clearly define what is to constitute a case. In addition, the groups under surveillance must include nonexposed individuals. Appropriate population based data, with which surveillance data can be compared, are limited and estimates of the frequency of early reproductive wastage vary widely (114, 115) .
It was noted that abortions can represent the outcome of several different mechanisms. These include the action of embryolethal agents, chromosomal abnormalities, and structural defects. Optimally, the aborted product of conception will be examined for morphological abnormalities and karyotyped.
Approximately 50% of aborted fetuses are karyotypically abnormal (116) . In addition, Hook (117) has suggested that changes in the relative frequencies of aneuploidy and structural rearrangements may relate to the action of environmental factors.
It is extremely important that appropriate control groups be selected in epidemiologic studies of spontaneous abortion. For example, much of the criticism of the Alsea Study (118) revolved around the control groups selected.
Since several common factors, such as alcohol consumption and smoking, have been suggested to increase early reproductive wastage (112) , it is important that those factors be considered in data analysis. Methods to control for confounding should be employed (119) .
Of importance in relating spontaneous abortions to environmental factors is the timing of exposure. Several instances can be found in the epidemiologic literature where the timing of a purported causal exposure did not occur at a biologically meaningful time (120, 121) .
Applicable information can be gained from carefully planned prospective studies of noncontracepting women. Occupationally exposed populations are logical for surveillance but there are a number of legal and sociopolitical considerations. It is clear that appropriate comparison groups must be selected. Detailed information is required on exposure levels and the timing of exposure in relation to gestation age. Although tests are now available to detect pregnancy very early after conception (122) , it is probably too early to employ these tests in surveillance studies, since no comparable population based data are available.
FertilitylSterility. Measures of the fertility of a population include crude and age-specific birth rates and general and total fertility rates, all of which examine the number of live births in a certain segment of the population. Fertility has frequently been studied and measured on the basis of other endpoints; for example, the frequency of spontaneous abortion has been used as an indicator of infertility. These measures have usually examined reproductive performance as pregnancy outcome but have generally been insensitive to a lack of conceptions.
Studies of fertility per se have been somewhat limited to individual clinical evaluations in the past, and only recently has attention been drawn to potential hazards to fertility in occupational settings. These studies have largely concentrated on the effects of chemical exposures on testicular function, particularly sperm count suppression and abnormal sperm morphology (123) (124) (125) (126) (127) . These studies have compared the results of semen analysis and other clinical indicators for an exposed group and unexposed comparison groups, or high and low exposure groups. Exposure estimation has varied from the use of direct clinical measures of individuals (i.e., lead in blood or urine) to workplace air monitoring data and/or number of years or months in an exposed occupation.
A second approach to assessing the fertility of occupationally exposed workers has employed data from interviews or self administered questionnaires of exposed workers regarding their and their spouses' reproductive history, primarily the number of live births among wives of male workers (128) (129) (130) . These studies have compared observed values for number of births to exposed workers to expected values derived from national fertility tables or national birth probabilities. More recent studies (129, 130) have calculated and compared standardized fertility ratios (SFR) (observed/expected numbers of births) for exposed and unexposed periods of an employee's reproductive history. Neither of these studies has included a separate unexposed comparison group in the study design. The study of Wong et al. (128) estimated exposures in four plants from historical air monitoring data to workers in broad exposure categories so that dose-related differences were difficult to assess. Levine and coworkers (130) have attempted validation oftheir methods by examining data from persons exposed to dibromochloropropane who were included in the study of Whorton et al. (124) .
The use of national fertility rates or probabilities as the basis for comparison has been criticized because of the possibility of underestimating expected numbers of births, thereby causing the SFR to be closer to unity in a situation where depressed fertility truly exists (131) . It remains to be seen whether this method can be refined by the inclusion in the design of a well characterized comparison group which more closely resembles the occupational group of interest. These studies have suffered from relatively poor and nonspecific estimates of exposure. The clinically based studies have frequently had difficulties with participation that tended to limit the validity of the study. Semen analysis is a direct and relatively sensitive method for testing fertility. The SFR method is much less sensitive, but is based on information which is easily obtained through questionnaire. Continued development of improvements and refinements in both these methods is desirable.
It has been pointed out (132) that the use of measures of reproductive success rather than failure can avoid difficulties resulting from lost information such as early unrecognized fetal loss, but that the use of age-specific fertility rates is not a good indicator of reproductive problems in low fertility populations. Rather, the period of time required to achieve a particular level of fertility may be a more sensitive indicator of changes in fertility. Further development of this approach may be useful in the development of improved methodologies for studies of fertility.
Statistical Considerations in Experimental Studies
Three major aspects of sound scientific experimentation that need to be considered in the conduct of teratological and reproductive studies are: control of extraneous factors, randomization of experimental units to treatment groups, and adequate sample size to detect meaningful effects. All of these impinge on the statistical power of the study. The control of extraneous factors is basic to the design of studies in these areas and these factors have been discussed in detail in the various guidelines for studies in reproduction and teratology (22, (133) (134) (135) (136) (137) (138) The magnitude of the effect that the experiment is designed to detect and the spontaneous or background rate of the endpoint in question will also influence the sample size requirement for an experiment.
Another consideration in sample size determination is the level of certainty required by the investigator in evaluating the null hypothesis that the exposure is not related to the endpoint. Type I error is the probability of rejecting the null hypothesis when in fact the null hypothesis is correct (false positive). Type II error is the probability of not rejecting the null hypothesis when, in fact, the exposure and outcome are associated (false negative). Obviously both types of error are undesirable and need to be minimized. The relative levels of acceptable Type I and Type II errors should depend on the relative seriousness of falsely implicating an agent that is not a reproductive hazard or exonerating a true reproductive hazard. We should emphasize that sample size determination, involving the components we have just outlined, is far preferable to arbitrary requirements of testing 10, 20, or 50 animals as indicated in various agency guidelines for assessing reproductive toxicity.
In animal teratology studies, there has been a great controversy over whether the entire litter or the individual fetus should be regarded as the experimental unit (140) (141) (142) (143) (144) (145) (146) . Haseman and Hogan (141) listed several reasons why they felt the litter should be the experimental unit: (a) the pregnant female is randomly assigned to the treatment or control groups; (b) the pregnant female receives the treatment directly; (c) fetuses from the same litter exhibit a "litter effect" and do not respond independently of one another. Assuming that (c) is true, if the fetus is treated as the experimental unit, then the sample size for the statistical test is artificially inflated and the presence of a litter effect would reduce the validity of the test. Endpoints are typically measured according to one ofthe following scales: continuous, e.g., fetal weight; dichotomous, e.g., one if the fetus has a certain malformation, zero if not; proportional, e.g., the proportion of live fetuses in a litter with a certain malformation.
When individual litter and fetal endpoints are meas-ured by using a continuous scale, an analysis of variance (ANOVA) procedure with litter nested in the model can be applied for testing litter effects as well as for comparing treatment groups to controls (147) . This technique considers the contribution of both between and within litter variance in the analysis of treatment effects. Thus, the individual fetal data are used, and the analysis is conducted by use of the appropriate error term depending on whether or not the litter effect is present.
The dichotomous scale measurement can be used at the individual fetus level or at the litter level. For instance, instead of using the proportion of implantations which result in resorption as a measure of fetolethality, the value one or zero can be assigned to the litter according to whether the female animal has at least one resorption. These dichotomous data for the litter avoid some of the problems encountered with the proportional data in teratology and reproduction experiments; however, their use is not recommended for two basic reasons. First, on using the above example of fetolethality, there is an obvious loss of information; e.g., a female animal with seven resorptions out of ten implantations is assigned the same value as an animal with one resorption out of ten implantations. Second, a more subtle statistical reason is that these dichotomous data do not yield true binomial random variables. With a binomial random variable, it is assumed that the probability of at least one resorption is the same for every female animal in a certain treatment group. However, if one animal has ten implantations and another animal has only two, the first animal has a higher probability of at least one resorption than the second animal, even though they may be the same treatment group. If treatment affects the number of implantations, the dichotomous zero-one values for the litter are not representative of the actual situation, and the statistical analysis based on the companson of binomial random variables is not justified.
The special type of proportional data encountered in teratology and reproduction studies present some unique statistical problems. For purposes of illustration, assume that the index of interest is the proportion of live fetuses with a certain malformation. For each litter, the measurement is composed of a numerator and a denominator, both of which are random variables. (The denominator is also a random variable because the number of live fetuses within the pregnant animal is not a fixed constant.) Also, the numerator and denominator may be correlated, i.e., when the occurrence of anomalies and death are not independent. Fetal weight presents a special problem as well since it is dependent on litter size. Haseman and Kupper (148) (148) discussed four approaches which they consider acceptable for proportional data when a litter effect is present. The generalized binomial models such as the beta-binomial (149) and the correlated binomial (150) , are models with extra parameters to allow for the litter effect.
It is possible to rank proportional data for a nonparametric test, as in the Mann-Whitney two-sample test. Gaylor (151) (155) in which Bonferroni's inequality is used in conjunction with Fisher's exact test. A similar approach for a one-generation, multiple-dose, teratogenicity study could be adapted by utilizing some of the aforementioned statistical tests and a multiple comparison procedure (such as Bonferroni's inequality). The presence of multiple generations and reproductive endpoints further confounds the problem to the point that the strict use of multiple comparisons would be detrimental to the overall statistical power associated with the experiment.
In the evaluation ofteratologic or reproductive effects one must separate the real biologic effects from statistical artifacts. The significance of the biologic effects will depend on the endpoint. For example, a shift in minor skeletal variants such as delayed sternebral ossification would not have the same biologic significance as a cardiac malformation. The former example is a transient effect with no functional consequence, while the latter is a permanent effect and has functional implications which may be incompatible with life. Some endpoints such as skeletal variants must be evaluated on the basis of spontaneous background incidence for the specific strain of test animals.
Quantitative Risk Assessment
Quantitative risk assessment attempts to relate mathematically risk to exposure and is necessary in order to provide estimates or bounds on potential human teratogenic or reproductive risks. Two major issues involved with risk assessment include those concerned with extrapolation from high to low doses and those concerned with interspecies conversion. The first of these issues is partially a statistical one which can be addressed with available mathematical models, whereas the latter, interspecies conversion, is primarily a problem of biological interpretation.
High-to low-dose extrapolation is often necessary because experimental studies typically must use high doses, which are well above human exposure levels, in order to detect potential toxic effects using limited numbers of experimental animals (or units). Two ways of developing such estimates are the use of safety factors and the use of mathematical models for extrapolation.
Several limitations exist in the use of the safety factor approach. For example, it is not known how large a safety factor should be since relationships have not been established between the magnitude of the safety factors applied and the desired risk levels (156) . A common shortcoming associated with the use of safety factors is the application of safety factors to "no observed effect levels," a process which results in some inconsistencies. The apparent "no observed effect level" is dependent upon the sample size in the dose group, the locations of the dose groups on the dose-response curve and the background level for the particular endpoint evaluated. In one case, the true response rate at the "no observed effect level" may be 0.1%, in another case 20.0%, etc. It must be emphasized that the "no observed effect level" is not the same as an actual no-effect level (threshold) for the entire population. For example, in a teratology study with no background response rate, a treated group of 20 animals showing no adverse response would have a upper 95% confidence limit of 14% on the response rate. Thus, an apparent no observable effect is not proof of the existence of a threshold but only demonstrates a response rate below 14% with 95% confidence in this case. Safety factors applied to data generated from animal experiments for the high-to lowdose extrapolation, also may not conclude considerations concerning interspecies conversion.
There are also limitations inherent in high-to lowdose extrapolations using mathematical models. Statistical variability of the data within the experimental range results in some uncertainty. Outside the experimental dose range additional uncertainty exists because of the unknown shape ofthe dose-response curve.
Several models are available which generally fit the data within the experimental dose range. However, when extrapolating beyond the experimental dose range, full reliance on the model will often lead to larger differences in estimates of the dose associated with a specific risk, varying in some cases as much as several orders of magnitude (157 (148) . Caution, however, should be exercised when using ratios in the presence of reduced litter sizes if there is a dependent relationship between anomalies and fetal death (158) . In addition, linear extrapolation to zero below the experimental data range, after accounting for spontaneous background rates, provide upper bounds on these ratios at low doses assuming upward curvature of the low-dose response (159) . If the data do not demonstrate upward curvature, other extrapolation procedures may be required.
For count data such as litter size, techniques of modeling discrete distributions whose parameters depend on dose may be used (148) . Another alternative is to use transformations of count data which are amenable to continuous techniques.
Quantal (Binary) Data. For quantal data there exist a variety of dose-response models in the literature based on modeling concepts from both the tolerance distribution viewpoint and stochastic mechanism viewpoint (160) . Many of these might be appropriate for various binary endpoints in teratology or reproduction studies. Furthermore, for any experimental data set, more than one of these models will fit the observed data adequately. Thus, when it comes to estimating the risk, i.e., the probability of the adverse response, the issue of extrapolation will again arise for response levels below the observed levels. Again, the estimates outside the experimental dose range will be highly model dependent, therefore preventing accurate estimates of dose levels corresponding to prescribed low risk levels. However, if the dose-response curves upward in the low dose range, linear extrapolation below the experimental range will provide upper bounds on risk (159) . Again, if the data do not demonstrate upward curvature, other extrapolation procedures may be required.
Experimental Design
Experimental animal studies, designed for screening or detection of toxicity may have limited use for extrapolation. In designing a study for extrapolation, it is desirable to have a minimum of at least three dose levels covering an adequate range of responses above the background rate. Sample sizes at each dose level depend on whether the endpoint is based on litters or fetuses and the desired level of precision for the estimates of response.
Interspecies Conversion
Up to this point, only the estimation of risk within the experimental study population has been addressed. Interspecies conversion has typically been ignored or addressed by the use of safety factors. The determination of the size of safety factors for interspecies conversion is not a mathematical problem, but rather one involving biological interpretation. Guidelines for such interpretation are discussed elsewhere (see reports on endpoints of teratogenicity and reproductive toxicity).
Epidemiology
When dose-response information is available from an epidemiological study, quantitative estimates of risk may be obtained in a manner similar to animal studies. In this case the extrapolation problem is minimized as the exposure levels in the study group generally will be closer to the exposure levels in the population of interest. Exposure levels may not be well known, but best estimates of exposure may be used. Multiple exposures and confounding variables must be identified and adjustments made for their effects in either the design or the analysis. Bias resulting from the selection of cases and controls may limit the population of inference in epidemiologic studies.
Clinical Trials
Clinical trials provide data from controlled randomized studies in human populations. As such, confounding variables may be less of a problem with data from clinical trials; however, the population of inference may be rather restricted. Data from clinical trials may be used for quantitative risk estimates when dose-response information exists.
Summary
Numerous uncertainties make it difficult to evaluate the reliability of animal experiments as predictors of human reproductive and developmental toxicity. Human data on the various agents studied are of varying quality and quantity, and it is possible that as additional data become available, earlier conclusions may be modified. In addition, there are marked differences in the response of different animal species to chemical agents and there is no clear agreement as to which species is likely to be the most appropriate or how many species should be evaluated.
Reproductive toxicity in humans is not observed for many chemicals which affect reproduction in animals. With the limited available information for these exposures, it cannot be determined if the negative or inconclusive results in human studies are due to the lack of human response to these agents, low susceptibility in humans, lack of sufficient exposure, or inadequacies of the studies.
While these uncertainties impede our ability to evaluate the reliability of animal studies as predictors of human risk, for many agents, results from animal studies may be the only data available.
Factors to be considered when reviewing animal and human data for quantitative and qualitative risk assessment of human reproductive hazards are discussed. Epidemiologic methods for collection of data and statistical techniques for the analysis of data are outlined and certain guidelines provided in the hope that the limited available data may be used effectively to assist the prediction of the potential for risk to the human population and to guide the conduct of needed additional animal and human studies.
